The nucleocapsid (N) and polymerase (L) genes of the vaccine strain of rinderpest, and the 5' and 3' terminal domains of the genome have been sequenced. Together with previously published data, this completes the sequence of the entire genome of rinderpest virus. The viral genome is 15 881 bases in length, similar to that of measles virus and slightly longer than that of canine distemper virus. The L gene is identical in length to that of measles virus, encoding a 2183 amino acid protein with a calculated M r of 248 100. The L protein sequence ofmorbilliviruses is highly conserved, more than 75 % of residues being identical or conserved in all three sequences currently available. The N protein was, as for the other sequenced genes where comparison is possible, essentially identical to that of the virulent parent. In addition, we have determined the terminal sequences of two virulent strains of rinderpest and compared the sequences of virulent and non-virulent strains.
Introduction
Rinderpest virus (RPV) belongs to the morbilliviruses, a genus of the family Paramyxoviridae, and is thus related to measles virus (MV), canine and phocid distemper viruses (CDV and PDV) and peste-des-petits ruminants virus (PPRV). Rinderpest, the disease, is economically highly important, affecting domestic cattle and wild bovids. Widespread in sub-Saharan Africa in the mid1980s, it has now been restricted to parts of East Africa by the efforts of the Pan African Rinderpest Campaign (PARC). The disease remains enzootic in most of the Indian subcontinent, as well as several countries in the Near and Middle East, with recent outbreaks in Oman, the United Arab Emirates, Saudi Arabia and Turkey. All the morbilliviruses are related serologically, and available sequence data shows that there is a high degree of homology at the sequence level (for review see Barrett et al., 1991) .
The Paramyxoviridae possess an ssRNA genome of negative polarity; in the morbilliviruses this genome M. D. Baron and T. Barrett (Boehringer Mannheim) and packaged using GigaPack (Stratagene) . For the genomic library, virus was partially purified from the medium of infected Vero cells by sucrose density gradient centrifugation . RNA was purified by two sequential extractions with phenol, one extraction with phenol~chloroform-isoamyl alcohol (25:24: 1, by vol.) and one with chloroform-isoamyl alcohol (24: 1, v/v), precipitated with ethanol and dissolved in diethyl pyrocarbonatetreated water. Random hexanncleotides (Boehringer Mannheim) were used to prime eDNA synthesis and the eDNA ligated into 2gtll as described above. Analysis of the fraction of insert-containing phage that were positive for RPV-R sequence suggested that 40% of the original RNA preparation was viral RNA. Viral RNA from another, more recent, virulent Middle Eastern strain [Kuwait/g2/1 (Taylor, 1986) ; RPV-Kw] that had been passaged five times in Vero cells was isolated in the same way. Total cytoplasmic RNA isolated from tissues of a cow infected with RPV-K has previously been described .
Full-length N clones were isolated from the first library by screening with D-74, a previously identified N-gene specific eDNA (Diallo et al., 1989) . L gene-specific clones were isolated from the genomic library by screening with the 4962 bp XmnI-XmnI fragment of the measles L gene isolated from plasmid peMV(-)2ip (the kind gift of M. Billeter and R. Cattaneo). Probes were either labelled with biotin-dUTP and positive clones detected as previously described (Baron et al., 1993) or were labelled and detected using the ECL direct-labelling system (Amersham). The size of inserts in positive clones was determined by PCR (Dorfman et al., 1989) , and large inserts were cut from purified 2 DNA (Windle, 1988) 
with NotI and ligated into NotI-cut pBluescript KS(+) (N clones) or pGEM-5Zf(+) (L clones).
Sequencing. A single eDNA clone (N1) spanning almost the entire length of the N gene was identified, isolated and restriction fragments subcloned into M13tgl30 for sequencing. The complete sequence was determined on both strands. The ends of L-positive clones were sequenced to map their position in the gene, and a set of overlapping clones were identified that spanned almost the entire length of the gene. Three clones (L17, L18 and L20) and part of a fourfll (L9) with a combined length of 8 kb were sequenced on both strands from nested deletion sets created using the Erase-a-Base system (Promega). A fulllength L gene was assembled in pGEM-5Zf( + ) from components of all four L clones plus the terminal sequence isolated as below.
Determining the sequence of the 5' and 3" ends of the genome. The leader and trailer sequences were determined using a modification of the 5' RACE method (Frohman et al., 1988; Loh et al., 1989) as developed by Shuster et al. (1992) . Briefly, an mRNA-sense primer corresponding to a sequence near the end of the L mRNA (RPVL1 : 5' GTAGGCTGGTGAGTAATCT Y) was annealed to RNA isolated from partly purified virus (prepared as for library construction), and extended using MMLV (mouse mammary leukaemia virus) reverse transcriptase (Life Technologies). RNA was hydrolysed by adding NaOH to 0-3 M and heating for 30 min at 50 °C. After neutralization by adding HC1 to 0.3 M, the primer extension product was purified using a Glass-Max spun column (Life Technologies), eluting the ssDNA in 50 gl of water; 10 pl of this ssDNA was then tailed with poly(dA) or poly(dC) in a 201~1 reaction mixture containing 0.5x reverse transcriptase buffer, 200pM-dATP or -dCTP and 10U terminal deoxynucleotide transferase (Pbarmacia) for 5 rain at 37 °C (Shuster et al., 1992) . PCR was used to amplify 5 gl of the tailed DNA in a 50 gl reaction mixture containing 100 pmol of a second L specific primer (RPVL6: 5' GTAATCTCAAGTCTGGATACC 3') and 100 pmol of either a NotI-(dT)a~ primer/adaptor (Pharmacia) or a special mixed dG-dI primer (Y-RACE primer; Life Technologies). The amplification conditions were: 94 °C, 5 min; 35 cycles of (94 °C, 45 s; 50 °C, 1 rain; 72 °C, 2 min); 72 °C, I5 rain. In the case of the dA-tailed cDNA, the annealing temperature for the first two cycles was reduced to 30 °C.
Since other primer extension experiments suggested that the purified virus contained significant quantities of anti-genomes (positive sense RNA), we repeated the above procedure using primers corresponding to the 3' end of the N gene (5' end of the N mRNA), amplifying DNA fragments of the expected size in each case; the N primers used were RPVN4 (5' CAAGCCATCCTTTGTCA 3') (primer extension) and RPVN6 (5' TGATTCCCCGGATAGCC 3') (PCR). PCR amplified DNA was gel-purified, cloned into pGEM-T (Promega) and sequenced on both strands. Sequences were determined from at least three independently amplified clones. The method was also successfully applied to total cytoplasmic RNA from RPV-K-infected cattle; in this case the PCR for the 3" end of the genome also produced an amplified product from the N mRNA, sequencing of which confirmed the start point of the N gene (see Results). In order to determine the exact 3' end of the L gene we used the NotI-(dT)a 8 primer/adaptor to prime reverse transcription on poly(A) + RNA from RPV-R-infected cells, and then PCR to amplify the terminal region using the primer/adaptor and RPVLI as primers. The reaction conditions were essentially as previously described .
The intergenic sequence between the F and H genes was determined from clones of PCR-amplified vRNA. The amplification used primers corresponding to F mRNA (F13: 5' CGGGTCTTAAACCAGACC-TC 3') or complementary to H mRNA (H5 : 5' GATACCTGCGAT-AGCTAATAGCCCG Y). Sequence was determined from two independently amplified clones.
Computer analysis' of sequence. Sequence data for different genes was assembled using the Staden package (Staden, 1980 (Staden, , 1982 ; further analysis used programs of the University of Wisconsin (GCG) package (Genetics Computer Group, 1991) . Protein alignment figures were produced with the help of the program ALSCRIPT (Barton, 1993) .
Results and Discussion
Of several isolated N gene-specific clones, one (N1) was chosen for complete sequencing. (1991) and Ismail et aL (1994) respectively, strain (RPV-L) (Kamata et al., 1991) . In neither case was sequence data obtained for the 3' extragenic region. In addition, we have determined the 3' end and the N gene of another, more recent, virulent Middle Eastern strain [Kuwait/82/1 (Taylor, 1986) ; RPV-Kw]. The deduced amino acid sequences of all four N proteins were aligned (Fig. 1) . The N proteins from RPV-R and that from RPV-K are 99.2 % identical, in accord with comparisons of other proteins from these two strains ; there are only three differences in the amino acid sequences of these two proteins, and two of those are conservative changes (E/D at position 190 and I/L at position 523). At position 380, RPV-R has L and RPV-K has P, a non-conservative difference. However, both the other N protein sequences have L at this position. It seems unlikely, therefore, that changes in the N protein are involved in the phenotypic change from the extremely virulent RPV-K to the avirulent RPV-R. The lapinized strain, although also avirulent in cattle, is quite distantly related to either strain, the N protein being only 90.7 % identical to that of RPV-R. This probably reflects the fact that this strain is of geographically and temporally distant origin (Asian) and has been adapted to growth in rabbits, and subsequently in Vero cells. The sequence of the N gene of RPV-Kw is intermediate between the RPV-R and RPV-L sequences, being 93' 1% identical to the former and 93"7 % identical to the latter. It has previously been observed (Diallo et al., 1994; Kamata et al., 1991 ; Rozenblatt et al., 1985) that the N proteins of morbilliviruses are much more conserved over the first 400 amino acids. This also applies to a comparison of the N proteins from the four RPV strains, in that RPV-R/K N is ~ 99 % identical to the others over the first 400 amino acids, while for the remaining 125 amino acids the level of identity is reduced to 73.6 % (RPV-L) or 79'2% (RPV-Kw) (Fig. 1) . Studies on Sendai virus (SeV), a related paramyxovirus, have shown that the highly conserved region contains all the necessary structural information for self-assembly into nucleocapsids Curran et al., 1993) , whereas the carboxyterminal 'tail' is in some way involved in replication (Curran et al., 1993) , perhaps through binding to the P protein (Homann et al., 1991) . Since there are only limited homologies between the NP protein of SeV and the morbillivirus N proteins (Morgan, 1991) , it will be important to investigate whether a 
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For legend see p. 598. The trinucleotide at the start and end of all genes in RPV is CTT, except for that at the junction of the H and L genes. Analysis of the rinderpest L gene clones showed that, in this position, the trinucleotide is CGT (MV also has CGT, whilst CDV has CTA). The 5" UTR (untranslated region) is 22 bases long and is followed by a 2183 codon ORF encoding the L protein, a 72 base 3' UTR and a 37 base extragenic domain. The L protein predicted by translation of the ORF had a predicted Mr of 248100, although the observed M r of the L protein synthesized in infected cells is smaller (about 190000) (data not shown). The end of the L gene (the polyadenylation site) and the start of the extra-genic region was determined by using RT-PCR from poly(A) + RNA as described in Methods. The length of each of these regions is identical to the corresponding region of the MV genome Crowley et al., 1988) ; the CDV genome shows certain differences, notably that the L protein is 22 amino acids shorter. Overall, the sequences of the three morbillivirus L proteins are very conserved; allowing for conservative substitutions, only 16 % of residues differ between the L protein of RPV and that of MV, 24 % between those of RPV and CDV, or those of MV and CDV. Alignment of these three L proteins with those of L proteins of other paramyxoviruses, including human respiratory syncytial virus (Fig. 2) , shows that the L protein of RPV contains all the major motifs identified in the polymerases of negative-stranded RNA viruses (Poch et al., 1989 (Poch et al., , 1990 Tordo et al., 1988) , including the RNA binding region (Motif A), the GDNQ-containing region proposed to be the active site of the polymerase (Motif B) and the proposed purine nucleotide binding site (Motif C) (Poch et al., 1990) . No major changes were seen in the RPV L protein in any of the highly conserved domains found distributed along the polymerase; the alanine residue at alignment position 757 where all the other paramyxoviruses have threonine was confirmed in both RPV-R and the virulent RPV-K parental strain by PCR on genomic RNA. The CDV L protein, on the other hand, differs from the other polymerases in two regions of otherwise strong conservation, at alignment positions 1144-1155 and 1320-1349 (Fig. 2) . In each case a sequence closely matching the consensus can be found in the other reading frames (B. Rima, personal communication). These differences are not commented on in the original paper (Sidhu et al., 1993 b) ; since they appear to arise by single base deletions and insertions, and the gene sequenced is that of the attenuated Onderstepoort strain, the changes may modify the activity of the polymerase in such a way as to account for the lack of virulence.
M . D. B a r o n a n d T. B a r r e t t
In the Pararnyxoviridae, as in all the non-segmented,
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negative-strand RNA viruses, the 3' terminal sequence of the genome is believed to contain one or more recognition sites for the RNA polymerase, transcription both of the antigenome and of all the mRNAs being initiated at this point (Blumberg et al., 1991; Kingsbury, 1990) . Similarly, the 3' end of the antigenome (corresponding to the 5' end of the genome) is the site for initiation of transcription of the genome. The 5' end of the antigenome has been shown, in MV, to contain an encapsidation signal (Castaneda & Wong, 1990) , and it may be assumed that a similar signal exists in the 5' end of the genome. The terminal sequences therefore play a crucial role in the replication of paramyxoviruses, and we were interested to see if there were any differences between the ends of non-virulent (RPV-R) and virulent (RPV-K, Kw) viruses. We therefore used 5' RACE to determine the ends of the two virulent strains in addition to the vaccine strain. Comparison of the sequences from the three morbilliviruses with the same regions of MV [strains Edmonston (Crowtey et al., 1988) and AIK-C (Mori et al., 1993) ] and CDV [Onderstpoort strain (Sidhu et al., 1993 a) ] is shown in Fig. 3 . The 3' extragenic region (5' leader of the antigenome) of RPV is 52 bases long, exactly the same length as those of MV and CDV (Sidhu et al., 1993 a) and is followed by the consensus morbillivirus intergenic trinucleotide CTT. The 5' extragenic region is 37 bases long, the same as that of MV and one base shorter than that of CDV. The RPV sequences show extensive homology with each other and with the corresponding regions of MV and CDV, as expected, given the similarities in all the morbilliviruses (Barrett et al., 1991) . It is clear that both terminal regions are highly conserved, although different positions seem to be variable at each end, e.g. the first 16 bases in the genome are conserved (Fig. 3 a) , whereas the antigenome has three variable positions in the first 16 (Fig. 3 b) . In addition, the extragenic regions are much more conserved in sequence than the normal non-coding sequences in the genes: 58 59% of the terminal sequences are completely conserved between the three viruses, whereas the rest of the non-coding sequences show only ~ 30 % sequence identity, little more than that expected by chance. There are only four variant residues in the 5' end of the RPV genome outside the L gene, and three of those in the poorly conserved region from 29-37. The only difference between RPV-R and RPV-K is found in this region. The 5' end of the antigenome shows nine variant positions between the three RPV sequences. At five of those (24, 28, 31, 36 and 49) RPV-R and RPV-K match, and at two more (12 and 40) RPV-R matches RPV-Kw. Only at positions 5 and 26 does the non-virulent strain differ from both the virulent strains; of these, position 26 may be the most significant, since here the four avirulent viruses have the same base. It is unfortunate that the most studied strains of MV and CDV are currently vaccine strains that have been adapted for a long time to tissue culture. It will be important to determine the terminal sequences of wild-type isolates of these and other morbilliviruses. The techniques we have used here can be used to determine these sequences from R N A isolated directly from infected tissue, without the need to passage the viruses in cell culture, which may lead to significant changes in the virus as it adapts to growth in cells which are not its normal host. Such changes may be very subtle and hidden among normal inter-strain variation: in the example presented here, there are more differences between the sequences of the two virulent strains of RPV than there are between the vaccine and its virulent parent. It has previously been noted (Blumberg et al., 1991) that, although there is only limited homology between the 5' or 3' ends of different paramyxoviruses, the ends of the genome and anti-genome of any individual virus are very similar, especially over the first 18 bases. This region presumably contains the promoter/landing site for the viral polymerase, at least when transcribing full-length anti-genomes or genomes. The mechanism of transcription of m R N A s in morbilliviruses is currently unclear. Although free leader RNAs (i.e. transcripts from the 3' extragenic region of the genome) have been detected in VSV-, SeV-and Newcastle disease virusinfected cells (Cotonno & Bannerjee, 1977; Kurilla et al., 1982 Kurilla et al., , 1985 Leppert et al., 1979) , intensive efforts by a number of groups (Billeter et al., 1984; Castaneda & Wong, 1989; Crowley et al., 1988) have failed to detect such RNAs in MV-infected cells. It has therefore been argued (Blumberg et al,, 1991; Castaneda & Wong, 1989) that there must be a second promoter region in morbilliviruses for direct initiation of transcription of the N gene; as yet there are no data to indicate the location of this promoter. B.M. Blumberg and co-workers (Blumberg et al., 1991) have called attention to short sequences about 90 bases from the 3' ends of the genome and anti-genome of MV which are very similar (14/15 identical nucleotides , Fig. 4) ; a similarly repeated sequence at the same position relative to the ends of the genome was identified in CDV (Sidhu et al., 1993 a) and one can also be seen in RPV (Fig. 4) . The sequences are different in the different morbilliviruses and, interestingly, such strongly conserved sequences are not found in other paramyxoviruses. In addition, the region 70-100 bases from each end of the genome to which these partial repeats map is the least conserved between viruses (Fig.  3) . These sequences are unlikely to be promoters for internal transcription initiation, as there is no evidence for such transcription from the anti-genome. Since the presence or absence of the transcript from the extragenic sequence appears to be the determining factor in whether or not viral RNAs are encapsidated (Castaneda & Wong, 1990 is not clear whether these differences are due to differences in the strain or the difficulties of sequencing nearly 16000 bases to an accuracy of plus or minus one base. More reliable information as to the universality of the rule of six among paramyxoviruses will probably be obtained from discrete changes to natural genomes or genome-like constructs.
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